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Abstract:  
In this work, we employ the LDA, GGA and GGA with four vdW corrections to 
study crystal and electronic structures of bilayer transition metal dichalcogenides 
(TMDs) with different magic angles (Moiré superlattice). We find the GGA interlayer 
distance of bilayer MoS2 has good agreement with experimental value while vdW 
correction methods still needs to be further modified. Our results indicate the GGA 
interlayer distances of bilayer TMDs with magic angles are smaller than that of 
normal bilayer, which is the opposite in the LDA case. The GGA results show that 
reduced bandgap is due to the reduction of interlayer distance and, flat valley and 
conductivity bands appear owing to magic angle. Our study not only supports 
valuable information for application possibility of TMD Moiré superlattice but also 
stimulates more related research. 
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I. Introduction 
Since graphene 1 was stripped from graphite, researchers have devoted a great deal 
of vigor to study two-dimension (2D) materials 2-9. Finding new 2D materials and 
modifying crystal and electronic structures of the existing are two hot spots of current 
researches. In addition to traditional methods, some new strategies such as strain 10,11, 
electric field 12,13, and magic angle 14-17 are applied to the modification of 2D 
materials for obtaining novel physical properties. For example, softening phonon and 
band edge change such as band gap variation and a transition from direct to indirect 
band gap were detected in strained transition-metal dichalcogenide (TMD) 2D crystal 
18,19. Theoretically, it is reported that vertical electric field can induce tunable bandgap 
of bilayer TMDs 20. Bilayer graphene with magic angle (namely Moiré superlattice) 
was predicted to can lead to strong coupling between layers, remarkably flat band and 
nearly zero of the Fermi velocity 21.  
Crystal and electronic structures of TMDs with magic angle have been researched 
extensively also 22-32 and exhibit interesting physical and chemical properties 22,33,34. 
However, interlayer distance dependency of magic angle is rarely studied. Previous 
studies have either used a fixed interlayer distance 35 or adopt an exchange-correlation 
potentials functional to get a result that agrees with the experiment 16. As known, the 
interlayer distance has a non-negligible impact on electronic structure of TMDs 
although van der Waals (vdW) force between layers is weak. Previous report has 
shown that the increase of interlayer distance can enlarge the band gap size of normal 
bilayer. Furthermore, more importantly, influences of different exchange-correlation 
potentials on Moiré structures are often overlooked. Thus, it is necessary and of 
significance to systematically study it. 
 In the following, we choose two representative layered TMDs XS2 (X= Mo, Cr) as 
research object. We select six correlation-exchange functionals and adopt two 
optimization strategies to optimize the Moiré superlattices with three magic angles. 
The calculation results show the GGA interlayer distance of bilayer MoS2 has good 
agreement with experimental value while vdW correction methods still needs to be 
further modified. The GGA results indicate the interlayer distances of bilayer TMDs 
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with magic angles are smaller than that of normal bilayer, which is the opposite in the 
LDA case. Moreover, the reduced GGA interlayer distance and magic angle can leads 
to the reduced band gap and flat valley and conductivity bands respectively. 
 
II. COMPUTATIONAL METHODS 
We use the Vienna Ab Initio Simulation Package (VASP) 36,37 to perform the 
first-principles calculations with the local density approximation (LDA) 38 and the 
generalized gradient approximation (GGA), respectively. For GGA, the Perdew–
Burke–Ernzerhof (PBE) exchange-correlation functionals 39 with four 
van der Waals (vdW) corrections are employed. A slab of 15 Å thick is added to 
periodic structure for clearing away interaction between bilayers. We adopt two 
optimization strategies: the fully optimization and the fixed c-axis length optimization. 
The cutoff energy, total energy and force criterions and k-point mesh are set to 500 eV, 
10-5 eV, 0.05 eVÅ-1 and 5×51 in all optimization calculations. Then, we adopt 
denser k-point mesh of 15×151 for accurate self-consistent calculation (SCF). For 
band structures calculations, the total number of k-point along the high-symmetry 
lines is 110. 
 
III. RESULTS AND DISCUSSIONS 
A crystal structure 
In order to obtain Moiré superlattices of bilayer XS2 (X= Mo, Cr), one can define 
commensurate cell vectors A (m, n, a1, a2) and B (m, n, a1, a2) 40-42:  
 A = na1 + ma2 , (1) 
 B = -ma1 + (m + n)a2 , (2) 
 
where m and n are integers, and the basis vectors a1 and a2 with the lattice constants a0 
of TMDs are defined by: 
 ( , )a 
1 0
3 1
2 2
a , (3) 
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 ( , )a
2 0
3 1
2 2
a . (4) 
When one layer rotates by magic angle , the vector A on this layer coincides with B 
vector on the other layer, and then Moiré superlattice is formed. There is such a 
relationship between  and (m, n): 
 
cos
( )
m mn n
m mn n

 

 
2 2
2 2
4
2
. 
(5) 
Thus, the total number of atoms in the in the primitive cell for XS2 (X= Mo, Cr) 
Moiré superlattice is  
 ( )N m mn n  2 26 . (6) 
Considering the limited computing resources, we only study three representative 
magic angle structures (see Fig. 1) that correspond to m, n and N listed in Table I. It is 
worth mentioning that a 2×2×1 supercell containing 24 atoms is adopted for 
calculations of normal structure with  = 0°.  
Table I Magic  angles  corresponding to (m, n) and total number N in the primitive 
cell. 
(m, n)  N 
(1, 1) 0º 6 
(2, 3) 13.2º 114 
(1, 2) 21.8º 42 
(1, 3) 32.2º 78 
 
The interlayer distance (ID) is defined by the distance between Mo atomic layers (see 
Fig. 1(a)). IDs of the bilayer XS2 (X= Mo, Cr), attained by fully optimization strategy 
(marked by A) and the optimization method of fixed c-axis length (marked by B), are 
plotted in Fig. 2 and Fig. 3, respectively. For normal structure of bilayer MoS2, the 
interlayer distance (ID) by A ranges from 6.0255 Å to 7.2334 Å, and that by B ranges 
from 6.4264 Å to 7.7293 Å. No matter which optimization strategy, the 
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maximal and minimal IDs come from GGA and LDA, respectively. It is quite 
acceptable since pure GGA and LDA normally overestimates and underestimates 
lattice constants, respectively. The experimental ID of bilayer MoS2 is 7.0 Å 43. 
Obviously, the GGA ID (7.2334 Å) of bilayer by A strategy best matches the 
experimental data, although their difference reaches up to 3%. In order to validate the 
advantages of the GGA approach further, we take account of spin-orbit-coupling 
(SOC) effects to perform optimization calculations and found that the interlayer 
distance of bilayer MoS2 structure reduces to 7.0018 Å that ties in very well with the 
experimental data. The GGA ID of normal structure is larger than that of magic angle 
structures. The LDA ID of normal structure optimized by A strategy is smaller than 
that of magic angle structures, which is in agreement with previous work 16. However, 
the LDA IDs by B strategy hardly change with the magic angle. LDA IDs are 
sensitive to the optimization strategy. These may suggest that the GGA results have 
more credibility than the LDA results.  
Interestingly, in the most cases, the GGA vdW correction leads to the opposite 
trend to pure GGA: magic angel causes larger ID. The GGA-DFT-D2 ID of zero 
angle structure by A strategy is smaller ~0.1 Å than that of magic angle structures, 
although corresponding IDs by B strategy are almost the same, which has the 
difference between each other is less than 0.01 Å. For the GGA-vdW-DF, the ID of 
13.2° by A is smaller, nevertheless, it by B is larger than that of zero angle structure. 
The IDs of 21.8° and 32.2° by both A and B strategy are larger than that of zero 
angle structure. For the GGA-dDsC, the IDs of 13.2°，21.8° and 32.2° by A 
strategy are larger about 0.25 Å than that of zero angle. However, their IDs by B 
strategy are smaller than that of zero angle. The case of GGA-vdW-DF2 is the same 
as the GGA-dDsC. These imply GGA-vdW method still needs to be further optimized 
at least in the case of prediction on interlayer distances of Moiré superlattice. 
CrS2 as important member of TMDs attract little attention due to the difficult to 
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synthesize bulk and its 2D counterpart. Inspiringly, the 2H, 1T, and 1T’ structures 
coexisting were observed in the monolayer CrS2 prepared via the chemical vapor 
deposition (CVD) method 44. Thus, it is much possible that bilayer CrS2 with pure 2H 
structure is grown via CVD. It is necessary and interesting to study geometric and 
electronic structures of bilayer CrS2 with different magic angles. We find that no 
matter what optimization strategy is adopted, the GGA IDs of bilayer CrS2 with any 
magic angles are larger than that of bilayer MoS2, although atomic radius of Cr is 
smaller than that of Mo. However, the other five types of IDs for bilayer CrS2 are 
smaller than corresponding that of bilayer MoS2. All types of IDs (except for GGA) of 
bilayer CrS2 with zero angle are larger than that of 13.2°，21.8° and 32.2°, which is 
the same with bilayer MoS2 case.  
Total energy each atom Eatom for all Moiré superlattices of TMDs are showed in 
Fig. 4 and Fig. 5. The difference of Eatom by A and B strategy are negligible. In the 
case of the same exchange–correlation functional, the Eatom difference between 
different magic angles structures is also negligible, which can be masked by thermal 
vibration of atom at ambient temperature. Therefore, from the view of energetics, it is 
possible to experimentally prepared Moiré superlattices of TMDs. The GGA-vdW-DF 
and GGA-vdW-DF2 Eatom are obviously higher than the other Eatom. In fact, the 
comparison between the total energy by different exchange–correlation functional is 
no point. 
 
B electronic structures 
In this section, we put focus on effect of magic angle on electronic structure and 
more especially on bandgap. Previous work 45 has reported that bulk MoS2 and its 2D 
counterparts except monolayer are indirect bandgap semiconductors. Valence band 
maximum (VBM) and conduction band minimum (CBM) locate at  and K high- 
symmetry points in reciprocal space, respectively. Moreover, one local VBM is at K 
point, so the direct bandgap appear at K point. Thus, there are two obvious 
photoluminescence (PL) peaks at of 1.6 eV and 1.8 eV corresponding to the indirect 
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and direct bandgaps. It is noted that PL spectra detects the optical bandgap that is 
different from electronic bandgap also known as the fundamental (or transport) 
bandgap. As known, the difference comes from strongly bound exciton that origins 
from strong Coulomb interactions between n- and p-type carriers. Theoretically, the 
optical bandgap can be defined as electronic bandgap minus the exciton binding 
energy 19. Therefore, electronic bandgap is usually larger than the optical bandgap. 
Electronic GGA bandgaps of 0° bilayer MoS2 structure by A and by B are 1.58 
eV and 1.64 eV that are larger than the other types of bandgaps (showed in Fig. 6). 
The GGA bandgap by B is larger than the optical bandgap attained by PL, suggesting 
greater rationality without considering the rationality of the optimized structure. The 
GGA bandgaps of bilayer MoS2 with magic angles are smaller than that with zero 
angle. However, the case of the LDA bandgaps is the opposite. This possibly 
attributes to larger GGA IDs, compared to the LDA IDs. We consider that the large ID 
can leads to large bandgap, which is independent of the choice of 
exchange-correlation functionals. Namely, for the same structure, the bandgaps 
attained by GGA and by LDA should have little difference. For vdW correction, the 
bandgaps of normal structure by A are smaller than that of magic angles. However, 
using the B strategy, we obtain the opposite: the bandgaps of zero angle structure are 
larger than that of magic angle structures. This again implies the present vdW 
correction method still needs further improvement. The vdW-DF and vdW-DF2 
bandgaps are obviously smaller than the other types of bandgaps, because the two 
vdW corrections belongs to non-local correlation functional that approximately 
accounts for dispersion interactions.  
As shown in Fig. 7, the corresponding bandgaps of bilayer CrS2 are smaller, 
compared with that of bilayer MoS2. It is understandable that Cr element possess 
stronger metallic property. The GGA bandgaps of normal bilayer CrS2 are slightly 
larger than that with magic angles, although the corresponding GGA IDs are 
obviously larger than IDs of magic angle structures. This suggests that the GGA 
bandgaps are not sensitive to ID of bilayer CrS2. Moreover, in most cases, bandgaps 
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of bilayer CrS2 structures by A and by B are basically consistent with each other. 
Sequentially, we focus on the effects of magic angle on the band structures of 
TMDs. It can be seen from Fig. 8 and Fig. 9 that the GGA band structures of TMDs 
with magic angles looks clutter because there are more atoms in primitive cells. The 
magic angles affect the shapes of VB and CB especially near local VBM at K point. 
The other types of band structures also show magic angle effects (see Figs. S1 and S2, 
we only plot the GGA-DFT-D2 band structures in the Supplementary Information). 
Whether using A or B strategy, the magic angles render both VBs and CBs flat. 
Especially, the shape of VB for bilayer CrS2 with magic angle of 13.2 seems to be a 
line. It is worth mentioning that the decrease of VB or CB width usually leads to 
larger bandgap. However, magic angles render narrow band width accompanied by 
smaller bandgaps. This band feature is useful in some applications. For instance, flat 
band and small bandgap respectively support high Seebeck coefficient and electrical 
conductivity that is good for realizing high thermoelectric merit of figure. 
 
 
IV. SUMMARY 
In conclusion, we have employed the LDA, pure GGA and GGA with four vdW 
corrections to explore crystal and electronic structures of TDM Moiré superlattices. 
Our the first-calculations calculations shows pure GGA is better for describing the 
interlayer distance change caused by effect of magic angle in Moiré superlattices than 
the other methods, although its results is contradict with the LDA results. The GGA 
ID and bandgap of Moiré superlattices is smaller than that of normal structure. We 
find that reduced interlayer distance and magic angle can lead to flat VB and CB with 
smaller bandgap, and consider this band feature is possibly valuable in thermoelectric 
application. 
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Fig. 1 (Color online) Representation of interlayer distance for bilayer TMD (a), Moiré 
superlattice with three magic angles 13.2, 21.8 and 32.2: (b)-(e). 
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Fig. 2. (Color online) Interlayer distances of bilayer MoS2 by A and by B using six 
exchange correlation functionals GGA (a), LDA (b), GGA-DFT-D2 (c), 
GGA-vdW-DF (d), GGA-dDsC (e) and GGA-vdW-DF2 (f). 
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Fig. 3. (Color online) Interlayer distances of bilayer CrS2 by A and by B using six 
exchange correlation functionals GGA (a), LDA (b), GGA-DFT-D2 (c), 
GGA-vdW-DF (d), GGA-dDsC (e) and GGA-vdW-DF2 (f). 
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Fig. 4. (Color online) Total energies each atom of bilayer MoS2 by A and by B using 
six exchange correlation functionals GGA (a), LDA (b), GGA-DFT-D2 (c), 
GGA-vdW-DF (d), GGA-dDsC (e) and GGA-vdW-DF2 (f). 
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Fig. 5 (Color online) Total energies each atom of bilayer CrS2 by A and by B using six 
exchange correlation functionals GGA (a), LDA (b), GGA-DFT-D2 (c), 
GGA-vdW-DF (d), GGA-dDsC (e) and GGA-vdW-DF2 (f). 
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Fig. 6 (Color online) Bandgaps of bilayer MoS2 by A and by B using six exchange 
correlation functionals GGA (a), LDA (b), GGA-DFT-D2 (c), GGA-vdW-DF (d), 
GGA-dDsC (e) and GGA-vdW-DF2 (f). 
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Fig. 7 (Color online) Bandgaps of bilayer CrS2 by A and by B using six exchange 
correlation functionals GGA (a), LDA (b), GGA-DFT-D2 (c), GGA-vdW-DF (d), 
GGA-dDsC (e) and GGA-vdW-DF2 (f). 
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Fig. 8 (Color online) GGA Band structures of bilayer MoS2 with magic angles 0 (top 
row), 13.2 (the second row), 21.8 (the third row) and 32.2 (bottom row). The left 
and right columns correspond to band structures of bilayer by A and by B, 
respectively. 
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Fig. 9 (Color online) GGA Band structures of bilayer MoS2 with magic angles 
0 (top row), 13.2 (the second row), 21.8 (the third row) and 32.2 (bottom row). 
The left and right columns correspond to band structures of bilayer by A and by B, 
respectively. 
 
 
 
